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low-energy electron diffraction have been used to study the
temperature-dependent growth of Ag islands on a Si(111) surface.
Depending on growth temperature, various island shapes can be
formed. At low temperatures, polygonic islands are formed,
consisting of both Ag(001) and Ag(111) crystal orientations.
At higher temperatures, islands consist mostly of Ag(111) orientation
and are predominantly of triangular shape. As the islands grow,
it is possible that the crystalline composition of an island changes.
We observed that Ag(001)-oriented areas convert into areas of
Ag(111) orientation. The rotational orientation of the Ag islands with
respect to the substrate is explained by a modified coincidence-site
lattice approach.

Introduction
Silver is one of the most widely used materials for the study
of fundamental material properties. For instance,
Ag has been popular for diffusion experiments [1–8] and
for studying metal-induced faceting [9–11]. However,
silver is also important because of its dielectric properties.
Stained-glass windows rely on the specific size-dependent
plasmonic properties of Ag nanoparticles [12–14], and
structured Ag films are commonly used to study
light-metal interactions [15] in nonlinear photoemission and
surface plasmon-enhanced photoemission [16–21].
Our interest in silver islands is based on the self-assembly of
Ag on Si surfaces. If Ag is, for instance, deposited on 4�

miscut Si(001) surfaces, thin (�100-nm) and long (920-�m)
nanowires form by self-assembly [8, 22]. These wires can
then be contacted by electron beam (e-beam) lithography
(EBL) and have been used for in situ electromigration
experiments [23]. Surprisingly, the electromigration behavior
of the self-assembled wires was qualitatively different from
the known behavior of EBL-structured polycrystalline
wires [24]. It was speculated that the grain boundaries in
the polycrystalline wires are responsible for the changed
behavior. It would thus be desirable to compare the
electromigration of a single-crystalline wire to a wire

containing a single grain boundary. Recently, Fujikawa et al.
[25] have reported the self-assembly of Ag islands on Si(111)
with both (001) and (111) crystalline areas and, naturally,
a grain boundary between these areas. Such islands could
be used as a starting material for the electromigration
experiments. The self-assembly of Ag islands on Si(111),
particularly the formation mechanism of bicrystalline islands,
however, has to be understood in more detail. Here,
we present a combined photoemission electron microscopy
(PEEM) and spot profile analyzing low-energy electron
diffraction (SPA-LEED) study to investigate the shape,
the orientation relative to the substrate, and the crystallinity
of self-assembled Ag islands on Si(111).

Experiments
The experiments were performed in an ultrahigh-vacuum
(UHV) photoemission electron microscope (Elmitec
PEEM III). PEEM was performed by illuminating the sample
with ultraviolet light from a mercury discharge lamp. The
samples were heated from the backside using electron
bombardment. SPA-LEED measurements were performed
in a separate UHV apparatus with resistive sample heating.
Precision-oriented (better than 0.1�) Si(111) substrates
were cleaned by standard flash annealing after degassing of
the samples at 600�C in UHV for several hours. Ag was
deposited from an e-beam-heated tantalum crucible in a
homebuilt evaporation cell [26, 27]. Ag deposition occurred
at elevated substrate temperatures (150�C–600�C) and
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was monitored either in situ with PEEM or after growth at an
elevated temperature with SPA-LEED at room temperature.
The sample temperature was measured with an infrared
pyrometer (PEEM and SPA-LEED system) and a
thermocouple (PEEM system). To analyze a larger number of
islands, ex situ scanning electron microscopy (SEM) with a
larger field of view was used. All electron backscatter
diffraction (EBSD) measurements were carried out in a
Leo 1530 Gemini scanning electron microscope equipped
with an HKL Channel 5 EBSD system [28, 29]. The crystal
structures of Si and Ag were taken from the HKL phase
database [space group (SG) 225, lattice constant (LC)] and
the Inorganic Crystal Structure Database (SG 227, LC),
respectively. Our structures were suitable for automated
EBSD analysis and were used here for indexing of the
diffraction patterns (Kikuchi patterns) [29]. The indexing rate
(i.e., the fraction of pixels in EBSD maps, of which the unit
cell orientation could be successfully indexed) depends on
the surface quality and can be close to 100%. Here, because
of the Ag islands on the Si surface, the indexing rates of the
raw EBSD maps are in the range of 95%.
As Ag is deposited onto a Si(111) surface, various

reconstructions form, depending on the substrate
temperature. At elevated temperatures, as the coverage
exceeds one monolayer, Ag islands are formed in a
Stranski-Krastanov type of growth on a ð
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[30, 31] reconstructed layer. After growth, several island
shapes and islands of different crystallographic orientation
have been observed. Figure 1 shows some typical Ag island
shapes on Si(111). At low temperatures [T ¼ 185�C in
Figure 1(a) and T ¼ 240�C in Figure 1(b)], many islands
consist of areas of both (001) and (111) orientations.
The darker rectangular areas of the islands are of the (001)
orientation, and the bright areas are of the (111) orientation,
as was previously observed by Fujikawa et al. [25] and
which was explained by a final-state effect [25, 32].
We confirmed the crystallographic orientation independently
by EBSD. At higher growth temperatures, the (001)
orientation becomes increasingly rare; instead, mostly
polygonic islands with (111) composition form. The
crystallographic composition is reflected in shapes with
multiples of 60� angles at the perimeter of the islands.
However, during growth at even higher temperatures,
predominantly triangular islands, such as those in
Figure 1(d), are observed.
The bottom panel in Figure 1 shows a SEM analysis of the

gradual transition from polygonic and hexagonally shaped
islands to triangular islands as a function of growth
temperature. At growth temperatures above 500�C, the
transition from polygonic to triangular islands starts, with
more than 50% of the islands exhibiting a triangular shape at
temperatures above 620�C. We therefore conclude that
Ag(111) islands on Si(111) prefer a triangular shape but that
their formation is kinetically limited at lower temperatures.

Even at higher growth temperatures, when the islands
are of the (111) type and predominantly have triangular
shapes, they exhibit different orientations with respect to the
substrate lattice. Multiples of 60� are certainly possible,
but also rotation angles of around 19� and smaller rotation
angles are present in significant numbers. To retrieve the
orientation of a large number of islands relative to the
substrate, SPA-LEED measurements were performed. With
an e-beam size of approximately 1 mm, the diffraction pattern
represents an average of a sufficiently large area on the
sample. Figure 2(a) shows a typical SPA-LEED pattern at
an electron energy of 109.5 eV of a Si(111) surface with Ag
islands grown in a temperature regime of T ¼ 150�C to
T ¼ 200�C. The unit cell of the ð
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wetting layer and the integer-order spots of the Si substrate
are indicated. The dominant feature of the SPA-LEED
pattern is a ring around the (00) spot. The radius of the ring
corresponds to the Ag(111) LC, i.e., the intensity modulation
on the ring reflects the distribution of the crystalline
orientation of the Ag islands with respect to the substrate.
At 150�C–200�C, the rotational ordering of the islands shows
a broad distribution of orientations. Nevertheless,

Figure 1

Ag islands. (a)–(d) Typical shapes of Ag islands grown on Si(111), each
recorded using PEEM with a field of view of 50 �m. Growth was
performed at different temperatures. (a) T ¼ 185�C. (b) T ¼ 240�C.
(c) T ¼ 220�C. (d) T ¼ 530�C. The darker areas in (a) and (b) resemble
the Ag(001) areas. (Bottom panel) Distribution of island shapes as
a function of temperature. Polygonic and mostly hexagonal island
shapes have been observed up to T ¼ 620�C. At higher temperatures,
triangular shapes dominate. Ag(001) areas are not included in the bottom
panel, as they are predominantly formed at lower temperatures.
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the Ag crystal lattice locks in at certain rotation angles with
respect to the substrate orientation. In SPA-LEED, this is
reflected in the small bright spots at a rotation angle of
around �19� relative to the Si integer-order spots and the
main Ag crystal orientation.
We explain the specific rotation angles of the Ag crystal

lattice in a coincidence-site lattice (CSL) model [33–35].

In the CSL model, two lattices are rotated with respect to
each other, and the overlap in terms of the number of
coincidence sites of the two lattices is calculated. Although
such a model has analytical solutions for homoepitaxial
systems [36, 37], for heteroepitaxy, the lattice sites usually
do not reach perfect coincidence because of the different
LCs. As such, a measure for the coincidence is needed.
We calculated the distance between each lattice site~ri of a
(rotated) Ag lattice site with respect to lattice sites~rj of a Si
lattice. For both lattices, the simplest case of bulk-terminated
structures is assumed, as little is known about the exact
geometry at the interface. For the classical CSL,
� ¼ size of the CSL unit cell=size of the crystal unit cell
is a parameter that is inversely proportional to how many
binding sites per area are possible, and this quantity is a
direct measure of how strong the binding of a certain rotation
is. The strength of crystal binding, however, does depend not
only on the number of bonds per area, as in the classical
CSL theory, but also on the bond distance. As the binding is
of covalent nature, we added a simple electrostatic
approximation and quality factor Q ¼

PN ;M
i¼0;j¼0ð1=ð~ri �~rjÞ

2Þ
with an inversely quadratic dependence of the lattice site
distance as a measure of how well the lattices coincide.
N and M are the numbers of lattice sites of the substrate and
the island, respectively. It is important to note that the
resulting angles for rotational domains with high Q do not
critically depend on the assumed quadratic dependence of the
electrostatic potential, and other powers yield similar results.
We calculated both quality factor Q and classic CSL
parameter � for each rotation angle. To determine the size of
the CSL unit cell for the calculation of �, we assumed that
the two lattice sites coincide if their distance is �20 pm,
and we calculated � with respect to the adsorbate lattice
unit cell.
A combination of both parameters, i.e., high Q and low �,

leads to a theoretical prediction of the preferred rotation
angles. Figure 2(b) shows an arc scan along the line
indicated in Figure 2(a). The dotted line in Figure 2(b) is a
multi-Lorentzian peak fit in which the peak positions were
taken from our CSL model. We observe rotation angles of
�19:1� and �30�. The broad appearance of the peak at 0�

can be explained by the superposition of three possible
rotation angles 0� and �2:65�. The observed SPA-LEED
spots at a rotation angle of �30� are not dominant but can be
explained in the CSL model as well. The 30� spot positions
also correspond to Ag islands with (001) orientation since
Ag(001) islands with fourfold symmetry have the same
atomic row distance of approximately 2.5 Å as the Ag(111)
islands. The Ag(001) areas can therefore easily align with
each of the six possible orientations on the substrate and
give rise to intensities at the rotation angles of n � 30�,
with n 2 N. The weak intensity of the spots at �30� allows
us to conclude that only a small fraction of the surface is
covered by Ag(001).

Figure 2

SPA-LEED pattern and arc scan. (a) Typical SPA-LEED pattern for Ag
islands grown at T ¼ 150�C to T ¼ 200�C on Si(111). The intensity is
logarithmically scaled. Some of the Si first-order diffraction spots are
labeled for reference. In between the islands, a ð
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is present. The ring has a diameter corresponding to the size of the
reciprocal Ag(111) LC, and the intensity modulation on the ring reflects
the rotational distribution of the crystals with respect to the substrate.
(b) Arc scan along the indicated part of the ring. The multipeak
Lorentzian fit included in (b) is fixed to the angles from a CSL model.
(Dashed lines) Position of the fitted peaks.

D. WALL ET AL. 9 : 3IBM J. RES. & DEV. VOL. 55 NO. 4 PAPER 9 JULY/AUGUST 2011



Two of the dominant rotation angles from the CSL model
(�10:85� and �14:4�) were not necessary to explain the arc
scan and were therefore removed from the fit. Apparently,
the fraction of the �10:85� and �14:4� rotated islands on
the surface is negligibly small.
One would naturally assume that the crystallographic

composition, i.e., (001) or (111), of a single island is
determined by the orientation that the island nucleates in.
However, we never observed pure (001) islands in PEEM;
instead, (001) areas were always in contact with (111) areas.
Furthermore, when Ag islands with (001) and (111)
composition grow, the crystallographic composition can
change to yield a pure (111) island. Figure 3(a) shows a
typical island with Ag(001) and Ag(111) composition that
we observe when Ag is deposited between T ¼ 150�C and
T ¼ 200�C sample temperatures. The Ag(001) region is dark
and rectangular, and the angles between the (001)- and
(111)-oriented regions are typical for a combination of
fourfold and sixfold symmetry. At t ¼ 0 seconds, the island
has already grown for several minutes to reach the shown
size. Then, within seconds [see Figure 3(b)–3(i)], a contrast
change of an area of several 10 �m2 occurs and decreases the
size of the typical (001) region. Figure 3(j) shows the situation
at t ¼ 52 seconds. After the front of the contrast change
has reached the opposing end of the Ag(001) area [BA[ in
Figure 3(i)], the rate of change slows down dramatically. Still,
it is usually possible to convert the entire dark area.

We also observed the occurrence of such a transformation
as a result of a temperature increase.
As several islands on several samples exhibited the same

behavior, further ex situ analysis of the converted regions
was performed. In particular, some of the converted islands
were analyzed by EBSD, which confirmed that the originally
(001)-oriented areas are of (111) orientation after the
conversion. However, grain boundaries within the islands
and small-angle grain boundaries are possible and were also
observed with EBSD.

Conclusion
In conclusion, Ag islands on Si(111) have a complex
composition, and the islands exhibit various shapes,
crystallographic orientations, and grain boundaries. The
orientation and shape are predominantly influenced by
growth temperature. At slightly elevated temperatures,
bicrystalline islands form with (often) irregular shapes and
both (001)- and (111)-oriented areas. An increase in growth
temperature results in pure (111) islands, the shape of which
becomes increasingly triangular with growth temperature.
Interestingly, in the bicrystalline islands, a conversion of
(001) areas into areas of (111) composition can be triggered
by temperature or randomly occurs during deposition.
So far, we can only speculate about the origin of the
conversion, but as the conversion can be triggered by thermal
expansion and seems to be linked to the overall (001) area

Figure 3

PEEM image sequence recorded at a rate of one image per second during the growth of a large Ag island with both (dark) (001) and (bright) (111)
composition. (a) Typical rectangular shape of the (001)-oriented areas after growth for several minutes. (b)–(i) Quick brightness change of a large part
of the (001)-oriented region. The converted area can no longer be distinguished from the (111)-oriented region. (j) After the contrast change has
reached the opposite edge of the Ag(001) area, the change dramatically slows down, as only little change can be observed until t ¼ 52 seconds. The
deposition started at t ¼ �205 seconds.
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of the island, stress effects are likely. After the conversion,
a (111)-oriented island is observed, exhibiting 90� angles
at the edges.
With regard to the orientation of the islands with respect to

the substrate, we have found that the islands are often
rotated by �2:65� and that even islands exist with a rotation
angle of �19:1� with respect to the substrate lattice. The
specific values of the observed angles can be understood in
terms of a simple CSL model.
In many cases, however, we have not only observed the

rotation of entire islands but also found Ag(111) islands that
are composed of differently rotated areas. The different areas
are separated by grain boundaries. The shape of such
islands appears to have Bcrooked[ edges, and the different
areas cannot be easily distinguished by SEM or PEEM but can
be identified by EBSD and other microcrystallographic
methods. As a nonscanning in situ method, LEEM could be
the ideal tool to study the dynamics of the recrystallization
of the Ag(001) areas in future studies.
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